Abstract. Extreme rainfall events are a serious concern for regional hydrology and agriculture in the Ebro River Basin. Repeated anomalous rainfall in recent decades has had a devastating impact on this region, both socially and economically. Some studies developed in Italy and USA have shown that there is a change in seasonal patterns and an increasing frequency of extreme rainfall events, whereas other studies have pointed out that no global behaviour could be observed in monthly trends due to high climatic variability. The aim of this work is to test which of these scenarios is the case for the Ebro River Basin.
Introduction
Lately, several researchers have pointed out that climate change is expected to increase temperatures and lower rainfall in Mediterranean regions, simultaneously increasing the intensity of extreme rainfall events (Räisänen et al., 2004) . These changes could have consequences regarding rainfall regime (Groisman et al., 2001) , erosion (González-Hidalgo et al., 2007) , sediment transport and water quality (O'Neal et al., 2005) , soil management (Killham, 2010) , and new designs in diversion ditches (Bryan et al., 2011) . Climate change is expected to result in increasingly extreme and variable rainfall, in amount and timing, changing seasonal patterns and increasing the frequency of extreme weather events . Consequently, conducting a frequency analysis on the amount of rainfall in a region is one of the most common tools employed in rainfall studies. In general terms, these studies focus on the relationship between rainfall and the probability of not exceeding a fixed high quantity or determining a return period for this value (Kim et al., 2011) . In general, all estimates of this probability are made by assuming stationarity in rainfall series. This assumption is not entirely realistic, especially today, when a large number of scientists claim that climate is changing dramatically (Keeling, 1973; Palmer and Räisänen, 2002; Milly et al., 2002; Cox, 2005) . If the rainfall distribution has changed, it is necessary to determine whether there are specific sub-periods of time with a similar distribution. This type of treatment was not carried out in certain works that studied the evolution and probability of rainfall exceeding dangerous thresholds (Gallego et al., 2006; Rodrigo, 2010; Müller et al., 2009) . These authors found a lack of stationarity in rainfall during the 1951-2002 period, especially in terms of extreme values.
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However, these authors did not try to find different distribution functions for those years.
Generally, most research focuses on the calculation of trends or the determination of the probability distribution that follows the rainfall in a station. One of the few exceptions of this methodology can be found in the work of Gallego et al. (2006) . These researchers examined the data of 35 rainfall stations in Spain between 1958 and 1997 using the Kendall test and concluded that there was an increasing trend in the number of days with light rainfall in every season. However, they also observed that the number of days with moderate, intense and very intense rainfall was diminishing, especially in spring and winter. This same result was found by Rodrigo (2010) , who adjusted daily precipitation at a gamma distribution from 1951 to 2002 and showed the evolution of the scale and shape parameters.
Some teleconnection patterns, such as the Western Mediterranean Oscillation (WeMO) and the North Atlantic Oscillation (NAO), are often associated with variations in rainfall in this part of the world (Wang, 2002; Martin Vide et al., 2008; Gonzalez-Hidalgo et al., 2009 ) and could explain the rainfall pattern at the Ebro basin. We will use these indexes later to study the relationship between WeMO and NAO with the rainfall variation trend over time.
Realising the complex and important consequences of an increasing frequency of extreme rainfall events at the Ebro River Basin (Valencia, 2007) , our aim is to study the evolution of rainfall events at this site statistically, with emphasis on the occurrence and intensity of extreme events. To achieve this, a recent methodology based on the work of other authors (Coles, 2001; Toreti et al., 2010; Bodini and Cossu, 2010) will be applied to estimate the probability distributions following periods of torrential rains in this area. The novelty is combining stationarity analysis with a GPD.
Methodology

Rainfall climatic indexes
Some generalised indexes reported by the World Climate Research Programme (Peterson et al., 2001 ) are calculated. These indexes have been applied by other authors, such as Brunetti et al. (2004) and Bodini and Cossu (2010) . The notation used in this work is as follows: 
Trend analysis
In the Mediterranean area, the existence of a trend in precipitation, particularly in heavy rainfall, is not yet clear. Linear trends were checked by the linear regression model with autocorrelated disturbances, such as with the Yule-Walker method described in Harvey (1990) :
In this equation, y
i,t represents the rainfall index i at moment t at station s; β i (s) is the trend of this index at station s; ε are the autoregressive parameters. One index has a trend if the β i (s) parameters are statistically significant for station s. According to Harvey (1990) , due to the high interannual variability, a sensitivity analysis of the influence of extreme high values has been carried out. The trends were considered significant if they persisted after removing the extreme values.
Distribution functions
The gamma distribution family is usually used to fit the rainfall at one place. However, this distribution does not fit the queues properly, often producing higher values than expected for rainfall distributions. The problem is that this error can be crucial for obtaining the return times for a given amount. To resolve this problem, Coles (2001) proposed using the generalised Pareto distribution (GPD) for fit values above a given threshold. The function of this distribution is
where u is the threshold parameter, σ GPD is a scale parameter and ξ is a shape parameter. The characterisation and properties of GPD were introduced by Pickands (1975) . The principal features of this distribution are that it reflects higher tails better than others, such as the exponential and gamma distributions, where ξ > 0 (although it is visually similar to these), and x has no upper limit.
However, if the daily rainfall is distributed like a GPD, then the daily maximum precipitation at a period of time must be fit to a generalised extreme values (GEV) distribution, with the same shape parameter of GPD. Its distribution function is
If ξ = 0, it must verify the condition 1 +
> 0 where ξ is the same shape parameter as for the GPD distribution, and σ GEV >0 and µ are the scale and location parameters, respectively. This scale parameter (σ GEV ) is different from the GPD scale parameter (σ GPD ), although there is a relation between them:
It is also interesting to obtain the distribution parameters to calculate the expected return time (m) for a given level x m of rainfall in a day. Replacing these parameters in the following formula (Coles, 2001) gives us the following estimation:
where pu = Pr(X > u). Rearranging the terms, the maximum expected return level (xm) can be estimated with the following equation:
where m is the number of considered days (time period set). In general, m usually gives return levels on an annual scale.
To evaluate the confidence intervals of these parameters, the classical delta method (Oehlert, 1992) has been used. It is desirable to check over the model after the results have been obtained. The principal options are the following:
1. P-P plot: If y (1) ≤ y (2) ≤ ...y (k) (with y i = x i −u) are the excesses observed above a threshold u, the graph represents the empirical distribution function against the expected, i.e. . If the data are correctly adjusted, the plot is a straight line (see Cleveland, 1985 , for more details). 2. q-q plot: This graph represents the theoretical quantile against the observed quantile, i.e.
Again, if the model fits the data well, the plot must be a straight line (see Cleveland, 1985 , for more details).
3. We can generate a random sample of the GPD (ξ,σ ) and test whether it comes from the same probability distribution of our observed data using Kuiper's and the Kolmogorov-Smirnov tests (Hollander and Wolfe, 1999) .
Data and site study
The Ebro basin is one of the major Spanish depressions. This basin has a general pail-shaped layout, where the mountain ranges define the following peripheral areas: the Pyrenees and Basque-Cantabrian mountains in the north, the Iberian System in the south and the Catalan Mountains coastal chain in the east. These three mountains regions leave between them a more depressed flat area named the Ebro Depression. This area is drained by the Ebro River, which runs in a northwest to southeast direction between the Pyrenees and the Iberian System. On the left of the main axis is a river basin area of approximately 50 000 km 2 , and on its right is an area of approximately 30 000 km 2 . For further details, see Valencia (2007) and references therein. The precipitation in the region is scarce and is mainly concentrated in the spring and autumn seasons. Summer and winter generally register the minimum rainfall. The precipitation, in addition to its scarcity, shows a strong interannual and inter-monthly irregularity with long periods of no precipitation. Some authors have recently performed a more rigorous analysis on the evolution of rainfall in this zone. Gonzalez-Hidalgo et al. (2009) studied the monthly precipitation trends in the Mediterranean fringe of the Iberian Table 1 . Mean of the rainfall climatic indexes at the selected stations for 1957-2002 period. Relative frequency of rainy days (RF), total annual precipitation (TP), mean precipitation in a rain day (MEAN), daily maximum (MAX), maximum 5-day precipitation total (MAX5), percentile of order 0.95 based on wet days (P95), relative frequency of days with precipitation ≥10 mm (RF10), maximum number of consecutive dry days (MAXDRY), annual accumulation of rainfall extremes (TEX), proportion of annual accumulation due to extreme events (PREX), mean of extreme events (M EX). Peninsula from 1951 to 2000. Their results demonstrated that no global behaviour could be observed in monthly trends, except in March, which showed a generally negative trend. They suggested that precipitation studies based on a monthly scale might obscure the intrinsic variability that is required to understand the complex rainfall pattern in the region. LopezBustings et al. (2008) presented a significant decrease in winter precipitation in the western part of the Ebro River Basin and none in the eastern part. They concluded that the cause of this pattern is a high frequency of high pressure over Iberia, which they proved using teleconnection indexes. In contrast, Valencia et al. (2010) , using multifractal analysis, showed that there are no rainfall variations at the Ebro River Basin. Our data consist of 14 data series from several meteorological stations located at different sites in the Ebro River Basin using daily rainfall data from . Figure 1 shows the distribution of the rainfall stations in the catchment. These time series were provided, among other data, by the Confederación Hidrográfica del Ebro over a period of 46 yr . One station, located close to the origin of the river (Cabañas de Virtus), has an approximated oceanic climate. Another station, located close to the end of the river (Tortosa), has a clear Mediterranean climate. Some stations, such as Cella and Daroca, have a continental climate, whereas others, such as Zaragoza and Pallaruelo de Monegros, are in an arid area. In contrast, some stations close to the Pyrenees belong to a humid regimen, such as Linas de Marcuello, Puente la Reina, Presa de Ullivarri Gamboa and Embalse de Yesa. These selected stations are a fully representative sample of the different climate types found at the river gauges.
RAIN GAUGES
The code column is useful to better understand some of the graphs and tables shown later. The letter A in this code indicates that the station is on the left bank of the river (north); the letter B means that the station is on the right (south). The number of the code grows when the stations are nearer to the mouth (east). Table 2 . Significant trends (p < 0.05) of several indexes at the annual scale: relative frequency of rainy days (RF), total annual precipitation (TP), mean precipitation in a rain day (MEAN), daily maximum (MAX), maximum 5-day precipitation total (MAX5), percentile of order 0.95 based on wet days (P95), relative frequency of days with precipitation ≥10 mm (RF10), maximum number of consecutive dry days (MAXDRY), annual accumulation of rainfall extremes (TEX), proportion of annual accumulation due to extreme events (PREX), mean of extreme events (M EX).
Results and discussion
Trends of rainfall climatic indexes
The averages of the classical rainfall climatic indexes for each station are shown in Table 1 . The highest total precipitation amounts are found for the Pyrenees at the north of the Ebro River Basin. The Embalse de Yesa station shows the highest RF (127 days = 34.7 %), whereas Tortosa, in the east, shows only 51 days (14.1 %), indicating the maximum precipitation intensity at this station. In general, there is a direct relationship between the RF, the MEAN and the amount of rainfall caused by value extremes (M EX). The only exception is Tortosa, at the mouth of the river near the Mediterranean Sea, which has a greater proportion of rainfall due to extreme values. Looking at Tortosa's ("B6") values, we observe that M EX (57.3) is much higher (45 %) than P95 1 (39.5 %). Meanwhile, Berbegal (A7) and Pallaruelo de Monegros (A8) show an M EX value 29 % higher than that of P95. Embalse de Yesa (A3) presents a unique situation, having the lowest P95 and the highest proportion of wet days (the lowest MAXDRY value).
To test the effects of climate change in this area, we study the trends for all measurements at each rainfall gauge. All precipitation indexes show negative trends at the yearly scale, but only a few indexes are statistically significant at a 5 % level, as can be observed in Table 2 . It is remarkable that no station presented a clear trend in the maximum number of consecutive dry days and in proportion to the annual accumulation due to extreme events. Moreover, except for Daroca, there are no statistically significant trends with respect to the average rainfall caused by extreme values. For a decrease in the annual accumulation of rainfall extremes, only two rain gauges have a significant value. The importance of the extremes has not undergone any significant change, contrary to what the climate change models predict. However, we did detect a decreasing trend in average rainfall at six stations, especially at those close to the Pyrenees and the Pallaruelo de Monegros.
This result agrees with Toreti et al. (2010) for the Mediterranean area, where they found eight stations from a total of twenty presenting a negative trend. Bodini and Cossu (2010) also observed a decreasing trend, especially in winter, at eighteen stations in Sardinia (Italy). Barrera et al. (2006) studied the trend of rainfall in Barcelona using a Monte Carlo technique, and they concluded that the number of catastrophic flash floods has diminished in Barcelona from 1850-2000.
It can be appreciated (Table 2 ) that RF, TP and MEAN show a slight reduction that could be constant through time or at an abrupt step. If we subdivide this period in two parts (1957-1979 and 1980-2002) , we observe that there is a higher frequency on days with more than 10, 20, 30, and 30 mm in the first period than in the second at all stations (see Fig. 2 ). From Fig. 3 , discontinuity for the mean rainfall in Ebro River is perceived around the middle of this period. That is consistent with other authors for the Mediterranean area (Rodriguez et al., 1999; Ramos, 2001) . Although not presented in this work, we have checked the discontinuity through the methodology of Zurbenko et al. (1996) . On the other hand, Lopez Bustin et al. (2008) suggest that the teleconnection indexes have an intense relationship with the rainfall in Spain, because their trends are consistent with changes in the frequency of circulation patterns. For this reason, we evaluate if there existed any significant change in the pattern of these indexes at the second half of the last century, and we compared it with our data series. We used the anomalies in the differences of the atmospheric pressure at two distant points, particularly the NAO teleconnection index and the WeMo index, to study their relations within these two periods. For example, the NAO index had a negative correlation, causing a decrease in rainfall in the second period (see Fig. 3 ), whereas during the first period, it had a positive correlation with rainfall in the Ebro River Basin until the late 1970s, when this correlation changed the sign. We calculated the Kendall correlations between the total rainfall at our 14 stations and the two indexes following the work of Lopez . The results, summarised in Table 3, confirm that the changing relationship occurred around the last years of the 1970s.
Rainfall distributions
Given the previous results, we decided to adjust the precipitation to a GPD separately for each sub-period (1957-1979 and 1980-2002) under the hypothesis of stationarity for each time interval. We examined the scale (σ ) and shape (ξ ) parameters and checked their differences between the two periods considering 95 % confidence intervals. An initial problem was to decide the threshold value, as the stabilisation requires that, from a value u, the shape and the scale parameter should vary linearly. Figure 4 shows the patterns found for both periods at three representative gauges. The plots of GPD-estimated parameter ξ against the threshold u suggest that the GPD model is adequate for u ≥ 10. Table 4 shows the parameters for all the stations for both periods. If the confidence interval contains a value of 0, we can assume that the shape parameter is 0 and that the GPD became an exponential function distribution (see Eq. 2 and Coles, 2001) .
In general, the estimated scale parameter decreases at all gauges except Cella, although this reduction is statistically significant at 95 % only in the north of the basin, near the Pyrenees in Cabañas de Virtus (A1) and Embalse de Yesa (A3). Tortosa (B6), near the Mediterranean Sea, has the highest scale parameter value (15.2) and the highest absolute reduction in the second period (from 15.2 to 12.2); however, it has an excessively wide confidence interval, so it did not yield a statistically significant difference. Surprisingly, the same regularity in the trends of the shape parameters is not apparent; some of them increase, whereas others decrease, and none show statistically significant differences. and at the bottom, the second one .
Combining the results obtained for both parameters, we can conclude that there is a slightly significant reduction of extreme values in our basin in the regions with more precipitation, most likely near the Mediterranean Sea, but the results are not conclusive.
Diagnostic q-q plots generally suggest a good fit, as Fig. 5 shows for 3 representative gauges. The goodness-of-fit pvalue of the GPD parameters (ε,σ ) is presented in Table 5 . All stations fit well according to the Kolmogorov-Smirnov test criteria. Tortosa (B6) was more difficult to fit graphically, and Presa de Ullibarri-Gamboa (A2) and Cella (B5) show low values for Kuiper's test. The P-P plots (not shown) are well adjusted at all gauges. Fig. 6 . Expected maximum value of rainfall daily return level (mm) versus number of years return in two consecutive periods . Each station is represented by its code. Table 6 . Estimated return rainfall levels (mm day −1 ) and their 95 % confidence intervals for selected return times in years, by delta method.
Gauge TIME (Period: 1957 (Period: -1979 ) TIME (Period: 1980 (Period: -2002 
Maximum expected return value
The rainfall return levels and their 95 % confidence intervals are compared in Table 6 , and some relevant return levels and times are plotted in Fig. 6 . The return level for nearly all stations was limited, except for Tortosa (B6) and Cabañas de Virtus (A1) in the first period, each at an opposite end of the basin. This behaviour can be considered normal for Tortosa because of its proximity to the Mediterranean Sea, and its return levels are slightly lower than those found by Bodini and Cossu (2010) , and the bottom for the second period .
The differences between both periods show a significant decrease only for Cabañas de Virtus (A1) and Embalse de Yesa (A3) in the west and central Pyrenees (see Table 7); although Tortosa undergoes a greater absolute decrease (Fig. 6) , it has no statistical significance. This means that greater uniformity is achieved in extreme rainfall in the north of the basin in the second period.
The return time patterns of the different rain gauges are similar, as expected. For most locations, daily rainfall events over 40 mm are produced more than once every three years. Table 7 shows the return times for the different return levels. We grouped those stations having a comparable return time for each period in Fig. 7 . Tortosa (B6) shows the lowest values for any period, highlighting that its distribution function is significantly different from the rest of the stations. As expected, in the second period, there is an increase of the return times for almost all hydrographic stations, as exemplified by Cabañas de Virtus (A1).
Conclusions
Daily rainfall data from 1975 to 2002 from 14 stations located at different places in the Ebro River Basin and under different climatic conditions were used to study extreme rainfall trends in the area. Several statistical analyses were applied that mainly focused on the existence of trends in climatic rainfall indexes and the characterisation of the distribution of heavy rainfall.
For all cases, a direct relation among several rainfall climatic indexes (RF, Mean and the amount of rainfall caused by extremes values) for each station was found, with the sole exception of Tortosa. This station is in an area with a Mediterranean climate and is close to the sea, and it has a greater proportion of rainfall due to extreme values.
All extreme precipitation indexes show negative trends using the Yule-Walker method at an annual scale. However, only three of the indexes are statistically significant at the 5 % level for some parameters, contrary to climate change model predictions, though confirming the results by Toreti et al. (2010) and Barrera et al. (2006) who also studied a Mediterranean area. The changing relationship occurred around the middle of the study period, and it can be compared to the NAO index.
The GPD successfully characterised the rainfall, estimating a threshold of 10 mm. The GPD-scale parameter decreases in almost all gauges but is only statistically significant at the 95 % level at two stations near the Pyrenees. However, whereas GPD shape parameter shows different tendencies, none of these tendencies show statistically significant differences. Therefore, there is a weakly significant reduction of the extreme values in the Ebro River Basin found at the areas with higher precipitation and likely near the Mediterranean Sea, but the results are not conclusive, as with other authors (Bodini and Cursso, 2010) .
The return level for almost all stations was relatively low except for Tortosa. The differences between the first and second periods show a statistically significant decrease only for two rain gauges: Cabañas de Virtus (A1) and Embalse de Yesa (A3). Concerning the return time, it is noteworthy that for most locations, daily rainfall events over 40 mm are produced more than once every three years.
